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The type I interferon (IFN) response represents one of the first lines of defense against influenza virus
infections. In this study, we assessed the protective potential of exogenous IFN-� against seasonal and highly
pathogenic influenza viruses in ferrets. Intranasal treatment with IFN-� several hours before infection with the
H1N1 influenza A virus strain A/USSR/90/77 reduced viral titers in nasal washes at least 100-fold compared
to mock-treated controls. IFN-treated animals developed only mild and transient respiratory symptoms, and
the characteristic fever peak seen in mock-treated ferrets 2 days after infection was not observed. Repeated
application of IFN-� substantially increased the protective effect of the cytokine treatment. IFN-� did not
increase survival after infection with the highly pathogenic H5N1 avian influenza A virus strain A/Vietnam/
1203/2004. However, viral titers in nasal washes were significantly reduced at days 1 and 3 postinfection. Our
study shows that intranasal application of IFN-� can protect ferrets from seasonal influenza viruses, which
replicate mainly in the upper respiratory tract, but not from highly pathogenic influenza viruses, which also
disseminate to the lung. Based on these results, a more intensive evaluation of IFN-� as an emergency drug
against pandemic influenza A is warranted.

Influenza A virus is a leading cause of seasonal upper respi-
ratory tract infections resulting in more than 250,000 deaths
annually (28). This number is expected to increase consider-
ably in the case of a pandemic caused by a newly emerging
virus against which there is no preexisting immunity in the
human population (5). Seasonal influenza A viruses infect
mainly the upper respiratory tract, where the virus primarily
replicates in epithelial cells carrying �-2,6-linked sialic acids,
which serve as viral receptor (39). The disease is characterized
by a sudden onset of fever, fatigue, and malaise, followed by
classical signs of upper respiratory tract disease, including con-
gestion, coryza, and sneezing (21). Uncomplicated cases re-
solve within 4 to 7 days, while complications mainly associated
with secondary bacterial infections can result in severe pneu-
monia and death (32, 37). In contrast, highly pathogenic influ-
enza A virus strains also target the lower respiratory tract. The
resulting severe inflammation of the lung is responsible for the
increased lethality associated with these infections (52).

Immunization with matched inactivated or live vaccines is
the best prophylactic option for protection from and control of
influenza (29, 43). However, to bridge the gap between the
emergence of a new antigenic virus variant and the production
of a matched vaccine, efficient antiviral drugs are of crucial
importance (27). Currently available drugs, the ion channel
blockers amantadine and rimantadine and the neuraminidase
inhibitors oseltamivir and zanamivir, act directly on viral pro-

teins (20), resulting in rapid emergence of resistance due to the
high natural mutation rate of influenza virus (23, 38). In con-
trast, drugs that target host factors may avoid this problem.
Furthermore, such drugs are expected to be active against a
large panel of pathogenic reassortants that may arise in the
future.

Upon viral infection, most cells start to express interferon
(IFN) genes, which ultimately results in a general antiviral
response through the activation of a broad range of effector
molecules (12, 33, 42, 51). One group of these antiviral mole-
cules are the IFN-induced Mx GTPases, which are found in
many species, including birds, fish, and mammals (8, 13). The
Mx proteins show antiviral activity against several RNA viruses
such as influenza A virus (13). In mice, the presence of a
functional Mx1 gene confers resistance to lethal challenge with
mouse-adapted or highly pathogenic nonadapted influenza A
virus strains (11, 45). The human MxA protein also inhibits the
replication of influenza viruses (30, 53). In spite of promising
initial clinical studies with IFN-� for the treatment of respira-
tory diseases, side effects such as irritation of the nasal mucosa
and occasional nose bleeding have prevented the in-depth
evaluation of IFN-� as a treatment for these diseases (6, 15, 19,
25). If intranasally applied IFN were effective against influenza
A viruses, the benefit would in many cases outweigh the re-
ported mild side effects of the treatment.

Ferrets have traditionally been employed for influenza virus
research because of their natural susceptibility to virus strains
isolated from humans and because of the similarity between
ferrets and humans with respect to disease severity and clinical
signs (24). The model is regularly used to assess the efficacy of
new vaccines and antiviral agents (47). Recent studies further
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demonstrated the value of ferrets for the characterization of
antiviral host immune responses (40). In this report, we eval-
uated the feasibility and efficacy of IFN-� as influenza prophy-
laxis. IFN-� was highly effective against a seasonal strain,
which replicates in the upper respiratory tract. It was much less
effective against a highly pathogenic H5N1 strain, presumably
because the drug was not successfully delivered to the lower
respiratory tract.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells (ATCC CCL-
34), 293T cells (ATCC CRL-1573), and T98G cells (ATCC CRL-1690) were
maintained in Dulbecco’s modified Earle’s medium (DMEM) supplemented
with Earle’s salts (Invitrogen) in the presence of 5% fetal bovine serum (FBS;
Invitrogen). Vero cells (ATCC CCL-81) and L929 cells (ATCC CCL-1) were
cultivated in DMEM with 10% FBS. Primary ferret alveolar cells were isolated
following the protocol outlined in reference 10. Briefly, lungs from an adult ferret
were perfused with 0.9% saline solution and lavaged five times with sterile 0.9%
saline solution. Eighty units of elastase (Worthington Biochemical Corporation)
at a concentration of 2 U/ml in digestion buffer (133 mM NaCl, 5.2 mM KCl, 6
mM Na2HPO4, 1 mM NaH2PO4, 10.3 mM HEPES, 5.6 mM glucose) was then
instilled into the trachea. The treated organ was suspended in digestion buffer
and incubated at 37°C for 20 min. Subsequently, the lung was finely minced, the
material was filtered through gauze, and the filtrate was layered on a discontin-
uous Percoll (Amersham) gradient and centrifuged at 250 � g for 20 min. The
cell band was harvested and digested for 20 min at 4°C with 30 ml of DNase IV
(Sigma) at a concentration of 50 �g/ml in digestion buffer, followed by centrif-
ugation at 250 � g for 10 min and suspension in DMEM containing 10% FBS.
The resulting cells were seeded into six-well plates. Two days after isolation, the
cells were transfected with pRSV40T (36), coding for the large T antigen of
simian virus 40 and passaged regularly to encourage proliferation. The resulting
ferret alveolar epithelial cell line (FtAEpC) was maintained in DMEM contain-
ing 10% FBS.

The influenza A virus strains H1N1 A/USSR/90/77 (USSR/77), H3N2 A/Port
Chalmers/1/73 (PC/73) (40), and H5N1 A/Vietnam/1203/2004 (Vietnam/04)
were grown in MDCK cells in DMEM with 2 �g/ml tolylsulfonyl phenylalanyl
chloromethyl ketone-trypsin (Sigma). The recombinant enhanced green fluores-
cent protein (EGFP)-expressing vesicular stomatitis virus strain (VSV-GFP) (4)
was amplified in Vero cells, and the titer was determined on Vero cells by
fluorescence microscopy. The titers of USSR/77 and PC/73 were determined by
the limited-dilution method and expressed as 50% tissue culture infectious doses
(TCID50), while the titer of Vietnam/04 was determined by plaque assay and
expressed as PFU per ml.

IFN-� production. A eukaryotic expression plasmid encoding ferret IFN-�
(ftIFN-�) was produced by transferring the previously cloned open reading
frame (41) into pcDNA3.1 (Invitrogen). A human IFN-�B/D-expressing plasmid
(26) was generated by combining the open reading frames of IFN-�D (GenBank
accession no. CQ847555) and IFN-�B (GenBank accession no. X03125) by
overlap extension PCR (16) and subsequently transferring the resulting PCR
product into pCDNA3.1. The sequences of all plasmids were verified.

Recombinant ftIFN-� and human IFN-�B/D were produced by transient
transfection of human 293T cells using Nanofectin (PAA Laboratories). Their
antiviral activity was determined on FtAEpCs or L929 cells, respectively, treated
with serial 10-fold dilutions for 16 h before infection with recombinant VSV-GFP
at a multiplicity of infection of 1. After 15 h of incubation, virus titers in
supernatants were determined on Vero cells by serial 10-fold dilutions. Purified
human hybrid IFN-�B/D produced in Escherichia coli was used as a positive
control (18, 45).

Animal experiments. Male 16-week-old ferrets (Marshall Farms) without an-
tibodies against circulating H1N1 and H3N2 strains were used for the experi-
ments. In an initial dose-response study, groups of two animals were anesthetized
with isoflurane and inoculated intranasally with 300 �l of 293T supernatant
containing ftIFN-� or mock supernatant at 20 and 4 h before the animals were
killed, and lung, nasal turbinates, and trachea were collected. Groups of six
animals were used for all infection experiments. Ferrets were pretreated with
either 107 U of purified E. coli-produced human IFN-�B/D or 293T cell super-
natants containing or lacking ftIFN-� as outlined above, anesthetized with ket-
amine (1 mg/kg of body weight) and midazolam (10 mg/kg of body weight), and
infected intranasally with 105 TCID50 of PC/73 or USSR/77 or 104 PFU of
Vietnam/04, respectively. An additional group of animals received 2.5 mg of

oseltamivir (Tamiflu; Roche), corresponding to 2.2 to 2.5 mg/kg of body weight,
orally twice daily for 5 days, starting at 4 h before infection. This dose and
treatment regimen has been previously shown to be effective in preventing
clinical signs and mortality in ferrets infected with highly pathogenic viruses (2).
For the experiment with PC/73 and the second USSR/77 experiment, animals
received additional doses of IFN-�B/D or ftIFN-�, respectively, at 24 h, and for
USSR/77 also at 48 h postinfection.

Clinical signs, body temperature, and treadmill endurance were assessed daily,
and the animals were weighed every second day. Rectal body temperature of
animals infected with PC/73 or Vietnam/04 was measured manually every 24 h.
For the USSR/77 experiments, body temperature was measured by using data
loggers (SubCue) implanted under aseptic conditions into the abdominal cavity.
The temperature was monitored continuously and recorded at 15-min intervals,
starting 5 days before infection. For the daily assessment of respiratory signs,
sneezing, nose exudates, and congestion were scored using a 0-1-2 scale. Zero
indicates minimal deviations of the physiologic state, 1 indicates moderate nasal
discharge, congestion, and/or occasional sneezing, and 2 indicates severe na-
sal discharge and/or labored breathing, dyspnea, and frequent sneezing. Nasal
washes were collected every day for the first 4 days and every second day
thereafter. Briefly, 500 �l of phosphate-buffered saline (Invitrogen) was instilled
in one nostril and expectorate was collected in 50-ml centrifuge tubes. This
procedure was repeated twice to obtain a minimal volume of 400 �l. Cells in the
nasal wash fluid were counted, and the virus titer was determined by the limited
dilution method. In the first experiment, chest X-rays of three animals of each
group were taken under ketamine/midazolam anesthesia on days 0, 2, and 4
postinfection.

The study involving Vietnam/04 was performed in the biosafety level 4 con-
tainment laboratory of the National Microbiology Laboratory in Winnipeg. Clin-
ical signs, body temperature, and weight were assessed daily, and nasal washes
were collected on days 1, 3, and 6 or 7 postinfection. Nasal wash titers were
determined by the limited-dilution method and expressed as TCID50. Clinical
signs were scored as follows. For posture, 0 indicates normal and 1 indicates
hunched. For appetite, 0 indicates normal and 1 indicates reduced. For activity,
0 indicates normal, 1 indicates calm, and 2 indicates depressed. For respiration,
0 indicates normal, 1 indicates some nose exudate and sneezing, and 2 indicates
coughing and dyspnea. For diarrhea, 0 indicates none, 1 indicates soft stool or
mild diarrhea, and 2 indicates severe bloody diarrhea. For neurological signs, 0
indicates none, 1 indicates paralysis or aggression, and 2 indicates paralysis and
aggression. Animals were euthanized when the following predefined endpoints
were reached: respiratory distress, more than 20% weight loss, hemorrhage,
diarrhea leading to severe dehydration, seizures, paralysis, or animal found
moribund. All animal studies were approved by the respective IACUC com-
mittees.

Western blot analysis. Lung and nasal turbinate homogenates were prepared
by grinding the tissue in a mortar, and trachea epithelial cells were scraped off
the trachea with a scalpel. The homogenates were lysed in buffer containing 50
mM HEPES (pH 7.4), 125 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM dithiothreitol, 100
U/ml of benzonase, and protease inhibitors, as recommended by the manufac-
turer (Roche). Proteins were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis on a 10% gel and transferred onto polyvinylidene diflu-
oride membranes (Millipore). The membranes were probed with monoclonal
mouse antibody M143, which exhibits reactivity to Mx proteins from a broad
range of mammals (7), and a monoclonal mouse antibody against �-tubulin
(Sigma). Horseradish peroxidase-labeled secondary antibodies and the chemilu-
minescence detection system (Pierce) were used to visualize specific bands.

Statistics. Tukey’s Studentized range test and Student’s paired t test were used
for statistical analyses.

RESULTS

Recombinant ftIFN-� produced in 293T cells is active in
vitro and in vivo. IFN-� subtypes exhibit a high degree of
species specificity (9, 46), which complicates experiments in
species for which reagents are not commercially available. To
assess the functionality of ftIFN-� encoded by a newly devel-
oped expression construct, a ferret alveolar epithelial cell line
(FtAEpC) was established. Supernatant of 293T cells trans-
fected with the ftIFN-� expression construct efficiently acti-
vated the Mx gene in FtAEpCs up to a 105-fold dilution,
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whereas supernatant of mock-transfected 293T cells had no
effect (Fig. 1A, upper panels). Surprisingly, similarly produced
human hybrid IFN-�B/D, which is known to exhibit broad host
specificity (18), was a comparatively poor Mx inducer in
FtAEpCs (Fig. 1A, lower panels). Only if a very high dose (104

U/ml) of E. coli-produced purified huIFN-�B/D was used was
the Mx gene of FtAEpCs induced strongly (positive control).
Interestingly, 293T-produced huIFN-�B/D efficiently induced
Mx expression in human T98G cells while ftIFN-� had no
effect on these cells (data not shown). To confirm the potency
of ftIFN-� in a second bioassay, we treated FtAEpCs with
various dilutions for 16 h prior to infection with GFP-express-
ing VSV and quantified the virus titers in the FtAEpC super-
natants 15 h later. Treatment with ftIFN-� at dilutions of up to
104-fold resulted in more than 1,000-fold inhibition, and a
105-fold dilution was still able to reduce the yield of VSV-GFP
approximately 100-fold compared to supernatant of mock-
transfected 293T cells (Fig. 1B). Since no international stan-
dard for ftIFN activity exists, the activity of our ftIFN-� prep-
aration cannot be quantified easily. If our virus yield reduction
assay were used as reference, the calculated activity of the

preparation would be above 106 U/ml; if the Mx induction
assay were used, this value would be slightly lower.

To determine the activity of ftIFN-� in vivo, groups of two
ferrets were treated with either 300 �l ftIFN-� or mock super-
natant at 20 and 4 h prior to harvesting nasal turbinates, tra-
cheal cells, and lungs. The Mx protein content of tissue lysates
was then determined by Western blotting. Tracheal cells of
IFN-treated animals (animals III and IV) contained easily de-
tectable levels of Mx protein, while those of mock-treated
animals (animals I and II) did not (Fig. 1C). Nasal turbinates
available from IFN-treated animal III were also strongly pos-
itive in this assay, whereas no Mx expression was detected in
mock-treated animals (Fig. 1C). Interestingly, lung samples
from all animals contained very low levels of Mx protein irre-
spective of treatment (Fig. 1C), suggesting that intranasal cy-
tokine application efficiently reaches cells in the upper respi-
ratory tract but not the lung.

Human IFN-�B/D is only partially active in ferrets. Since
treatment of FtAEpCs with the E. coli-produced human hybrid
IFN-�B/D resulted in strong Mx expression (Fig. 1A, top
panel, positive control), and this product was readily available

FIG. 1. ftIFN-� is active in alveolar epithelial cells and upper respiratory tract of ferrets. (A) Supernatant of transfected 293T cells containing
ftIFN-� or huIFN-�B/D was diluted as indicated and incubated with FtAEpCs for 16 h before the cells were lysed and subjected to Western blot
analysis using Mx-specific monoclonal antibody M143. The blots were reprobed with a �-tubulin-specific antibody to verify similar loading of all
lanes. Representative results from three independent experiments are shown. �, FtAEpCs treated with 104 U of E. coli-produced, purified
huIFN-�B/D served as a positive control; nc, FtAEpCs treated with a 10�2 dilution of supernatant of mock-transfected 293T cells served as a
negative control. (B) FtAEpCs were treated with different dilutions of ftIFN-� for 16 h before infection with VSV-GFP at an MOI of 1.
Mock-treated FtAEpCs served as a control. Viral titers in the supernatants were determined at 15 h postinfection. Representative results from two
independent experiments are shown. (C) Ferrets were treated intranasally with 300 �l of undiluted supernatant of transfected 293T cells containing
ftIFN-� or supernatant of mock-transfected 293T cells (mock) at 20 and 4 h before harvesting of the lung, nasal turbinates, and cells from the
trachea. A Western blot analysis of protein extracts (�50 �g/lane) was done as in panel A. LL, lung left lobe; LR, lung right lobe; T, tracheal
epithelial cells; NT, nasal turbinate.
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at high purity and concentration, we initially assessed its effi-
cacy against the seasonal influenza virus strain PC/73 (H3N2)
in ferrets. Toward this end, groups of six animals were treated
intranasally with 107 U of IFN-�B/D at 20 and 4 h before
infection and at 24 h postinfection or remained untreated. We
observed no significant differences in virus titers and cell num-
bers of nasal washes and in the body temperature between the
IFN-treated and the control groups (Fig. 2A to C). However,
the IFN-treated animals developed only mild signs of respira-
tory disease compared to the controls (Fig. 2D).

Treatment with ftIFN-� reduces clinical signs after influ-
enza A virus infection. To truly assess the therapeutic potential
of type I IFNs against influenza virus, homologous ftIFN-� was
used for all further experiments. Groups of six ferrets were
treated with 300 �l of ftIFN-� or mock supernatant at 20 and
4 h prior to infection with 105 TCID50 of USSR/77 (H1N1).
This influenza A virus strain causes a more severe disease than
PC/73, thereby allowing a better discrimination of therapeutic
effects. An additional group of animals received 2.5 mg oral
oseltamivir every 12 h for 5 days starting 4 h prior to infection.
At 24 h postinfection, the virus titers in nasal washes of IFN-
treated animals were about 10-fold lower than those in the
oseltamivir group and at least 100-fold lower than those in the
mock-treated controls (Fig. 3A). When evaluating the cellular
content of the nasal wash fluid, we observed an approximately
10-fold increase in the cell number in the mock-treated ferrets

compared to either the IFN- or the oseltamivir-treated groups
at 48 h postinfection (Fig. 3B). IFN-treated ferrets showed
fewer upper and lower respiratory symptoms than the controls
(Fig. 3C and E), but no significant differences in body weight
change were observed between the groups (data not shown). In
addition, IFN- and oseltamivir-treated groups developed fewer
general clinical signs, and the characteristic fever peak at day 2
postinfection was not observed (Fig. 3D). The decrease in body
temperature observed on the day of infection and around 55 h
postinfection was anesthesia related (Fig. 3D). No conclusive
pathological changes were observed on chest X rays obtained
for three animals of each group on days 2 and 4 postinfection
(data not shown). To objectively assess the impact of the in-
fection on endurance, we trained all animals to use a treadmill
before the start of the experiment. Healthy animals voluntarily
exercised for approximately 4 min. On day 2 postinfection, all
control animals displayed strongly reduced running times,
whereas the endurance of IFN-treated ferrets was only slightly
affected (Fig. 3F). The oseltamivir-treated animals showed an
intermediate phenotype. Overall, the efficacy of IFN was thus
similar to or better than that of oseltamivir. IFN treatment
resulted in a significant reduction of nasal wash titers, clinical
signs, and loss of activity compared to the control group.

Repeated intranasal treatment increases the protective ef-
fect of ftIFN-�. To determine if repeated dosing would in-
crease the protective effect of IFN-�, groups of six animals

FIG. 2. HuIFN-�B/D reduces respiratory signs after influenza A virus challenge. Groups of six animals were treated intranasally with 107 U of
E. coli-produced IFN-�B/D in a volume of 250 �l of supernatant at 20 and 4 h before infection and at 24 h post-intranasal infection with 105

TCID50 of the H3N2 strain PC/73. The control animals were not treated. (A) Virus titers in nasal washes; (B) nasal wash (NW) cell counts;
(C) body temperature. Group averages at the indicated time points are shown. Error bars represent standard deviations. (D) Respiratory signs.
Sneezing, nose exudates, and congestion were graded on a 0-1-2 scale, with 0 indicating minimal deviation of the physiologic state; 1 indicating
moderate nasal discharge, congestion, and/or occasional sneezing; and 2 indicating severe nasal discharge and/or labored breathing, dyspnea, and
frequent sneezing. Group averages are shown.
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were treated intranasally with either 300 �l ftIFN-� or mock
supernatant at 20 and 4 h before infection and at 24 and 48 h
after infection with 105 TCID50 of USSR/77. Like in the first
experiment (Fig. 3), a 150-fold reduction of nasal wash titers
was observed in the IFN-treated animals at 24 h postinfection

compared to the noninfected controls (Fig. 4A). Furthermore,
the IFN-treated group had 100-fold fewer cells in the nasal
wash fluid (Fig. 4B). IFN-treated animals also lacked the char-
acteristic fever peak during the acute disease phase (Fig. 4C)
and displayed neither clinical respiratory signs (Fig. 4D) nor

FIG. 3. ftIFN-� protects against infection with a seasonal influenza A virus strain. Groups of six animals were treated with 300 �l of undiluted
supernatant of transfected 293T cells containing ftIFN-� or 300 �l of supernatant of mock-transfected 293T cells at 20 and 4 h before infection
with 105 TCID50 of H1N1 influenza A virus strain USSR/77. An additional group of animals received 2.5 mg of oseltamivir, corresponding to 2.2
to 2.5 mg/kg, twice daily for five days, starting 4 h before infection. (A) Viral titers in nasal washes at various times postinfection. Error bars
represent standard deviations. (Inset) Results of statistical analysis of circled data points at 24 h postinfection. (B) Cell counts in nasal washes
(NW) at various times postinfection. (Inset) Results of statistical analysis of circled data points at 48 h postinfection. (C) The breathing rate
was scored using a 0-1-2 scale (score 0, �28; score 1, 28 to 36; score 2, 	36). (D) Body temperature as measured by telemetry. Average values
of groups of three animals are shown. The pronounced temperature drops resulted from anesthesia used for virus infection and X-ray examination
of the animals, respectively. (E) Respiratory signs. Sneezing, nose exudates, and congestion were graded on a 0-1-2 scale, with 0 indicating minimal
deviation of the physiologic state; 1 indicating moderate nasal discharge, congestion and/or occasional sneezing; and 2 indicating severe nasal
discharge and/or labored breathing, dyspnea, and frequent sneezing. (F) Treadmill performance. Error bars indicate the standard deviation.
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decreased treadmill activity (data not shown) over the course
of the infection. In addition, no significant differences in body
weight between the two groups were observed (data not
shown). Thus, repeated intranasal application of ftIFN-� en-
hanced the protective effect.

ftIFN-� pretreatment reduces virus shedding but not mor-
tality after H5N1 infection. To assess the efficacy of IFN pre-
treatment against a highly pathogenic avian influenza A virus,
groups of six ferrets were treated as outlined previously with
ftIFN-� or mock supernatant at 20 and 4 h prior to infection
with 104 PFU of the H5N1 strain Vietnam/04. In the untreated
group, most animals developed fever within 24 to 48 h postin-
fection (Fig. 5A), and virus was readily detectable in nasal
washes at 48 h postinfection (Fig. 5B). In contrast, the body
temperature of IFN-treated ferrets only started to rise on day
3, and only one animal had detectable nasal wash titers at 48 h
postinfection (Fig. 5A and B). However, no significant differ-
ences in mortality were observed (Fig. 5C). IFN-treated ani-
mals and untreated controls fared similarly with respect to the
overall clinical course and individual clinical scores, with the
IFN-treated animals experiencing overall slightly more fre-
quent and severe rectal bleeding (Fig. 5D and E). Thus, IFN
pretreatment alone is insufficient to influence the outcome of
the H5N1 infection.

DISCUSSION

IFNs are key players in early host responses to viral infec-
tions. The exploration of the therapeutic potential of type I
IFN began soon after its potent antiviral activity had been
discovered (3, 15, 34, 44). Today, IFN-� is established as an
essential component of hepatitis B and C treatment regimens
(9, 17, 31). Even though clinical studies demonstrated that
intranansal IFN-� treatment can also prevent rhinovirus infec-
tion and spread (6, 14, 15), side effects such as irritation of the
nasal mucosa and occasional nose bleeding after long-time and
repeated administration prevented further in-depth evaluation
of the potential therapeutic use of IFN-� to combat respiratory
diseases such as influenza. The current interest in drugs against
influenza is fueled by the threat that circulating avian H5N1
viruses or another subtype may adapt to humans and cause a
devastating pandemic. In the context of such an influenza pan-
demic, the known mild side effects of IFN may be acceptable if
the treatment reduced virus spread or even decreased morbid-
ity and mortality. Our study thus aimed at investigating the
antiviral potential of intranasally applied IFN-� as influenza
prophylaxis in the ferret model.

Previous studies have shown that intranasal or oral admin-
istration of IFN-� protects mice from lethal influenza virus

FIG. 4. Repeated intranasal treatment increases protective effect of ftIFN-�. Groups of six animals were treated with 300 �l of undiluted
supernatant of transfected 293T cells containing ftIFN-� or 300 �l of supernatant of mock-transfected 293T cells at 20 and 4 h before infection
with 105 TCID50 of H1N1 influenza A virus strain USSR/77. Two more treatments were done at 24 and 48 h postinfection. (A) Viral titers in nasal
washes. (Inset) Results of statistical analysis of circled data points. (B) Cell counts in nasal washes (NW). (Inset) Results of statistical analysis of
circled data points. Error bars represent the standard deviation. (C) Body temperature as measured by telemetry. Average values of groups of three
animals are shown. (D) Respiratory signs. The scoring criteria outlined in the legend to Fig. 2 were used.
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challenge (1, 11, 45). We report here that in ferrets intranasal
IFN-� was at least as effective against influenza viruses as
oseltamivir at a dose of 2.5 mg/kg twice daily. We demonstrate
that IFN-� treatment lowered viral titers in nasal washes of
ferrets and reduced clinical signs of different seasonal influ-
enza A virus subtypes. We further show that repeated treat-

ment of the animals with IFN-� shortly before and after virus
infection enhanced the protective effect. Since resistance to
established anti-influenza drugs increases worldwide (22),
IFN-� thus represent an attractive end-of-the-line treatment
option for individuals at high risk of experiencing severe dis-
ease and complications. Different human IFN-� and IFN-�

FIG. 5. ftIFN reduces infection of upper respiratory tract with H5N1 influenza A virus but does not prevent disease. Groups of six animals were
treated with 300 �l of undiluted supernatant of transfected 293T cells containing ftIFN-� or 300 �l of supernatant of mock-transfected 293T cells
at 20 and 4 h before infection with 104 PFU of H5N1 strain A/Vietnam/1203/2004 and observed for 12 days. (A) Body temperature. (Inset) Results
of statistical analysis of circled data points. Error bars represent the standard deviation. ctr, control. (B) Viral titers in nasal washes. The detection
level of the assay is indicated by a dotted line. (C) Survival. (D) Clinical signs. Each animal is represented by one square. Severity of disease is
shown by color code (white, low; gray, moderate; black, severe). Clinical signs were scored daily. For respiratory signs, gray represents moderate
nasal discharge and/or occasional sneezing, while black indicates severe nasal discharge and/or labored breathing and frequent sneezing. Reduced
activity is represented by gray and loss of activity by black. Neurological signs were scored as moderate if either paralysis or aggressive behavior
was observed and severe if both signs were present. For diarrhea, gray represents soft stool to mild diarrhea, while black indicates severe bloody
diarrhea. (E) Composite score of clinical signs over the course of the disease. Posture, appetite, activity, respiration, diarrhea, and neurological
signs were assessed daily and scored as outlined in Materials and Methods. The composite score represents the mean of the sum of all individual
scores of each animal in the respective group. Error bars indicate standard error.
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preparations are already approved by regulatory agencies for
other applications (9), which will greatly facilitate their off-
label use as influenza treatment in case of an emergency.

The kinetics of virus secretion in the presence and absence
of IFN showed remarkable differences (Fig. 3A and 4A). As
expected, if IFN was antivirally active against seasonal influ-
enza viruses, viral titers in nasal washes of IFN-treated animals
were significantly reduced at 24 h postinfection. However,
these differences had disappeared by 48 h postinfection. We
assume that the sharp drop in virus secretion by the control
group between days 1 and 2 is due to endogenous virus-in-
duced IFN. Since IFN treatment strongly reduced initial virus
replication, its de novo synthesis by virus-infected cells of the
respiratory tract is presumably far less vigorous and robust. As
a consequence, the innate immune defense in the upper respi-
ratory tract of untreated animals may actually be stimulated
more strongly on day 2 postinfection than in IFN-treated an-
imals. Although effective in the long run, this delayed activa-
tion of the innate immune system in untreated animals cannot
prevent the initial high-level replication of the incoming virus.

Interestingly, intranasally applied IFN-� did not prevent dis-
ease following infection with a highly pathogenic H5N1 influ-
enza virus strain, although it reduced viral titers in nasal
washes as efficiently as it did in the case of the seasonal influ-
enza virus. This unexpected finding may be explained by the
fact that seasonal influenza virus strains primarily target the
upper respiratory tract, whereas highly pathogenic H5N1 vi-
ruses replicate mainly in the lower respiratory tract (35, 49).
These differences most likely result from a different distribu-
tion of the receptors: �2,6-linked sialic acids, which serve as
receptor for seasonal human influenza virus strains, are mostly
found in the upper respiratory tract of ferrets, whereas �2,3-
linked sialic acids, which are preferentially used by avian in-
fluenza virus strains, are only present on cells lining small
bronchi and alveoli (50). Using Mx gene expression as a marker
for IFN action, we found that intranasally applied IFN reached
the upper respiratory tract but failed to reach the lower respi-
ratory tract (Fig. 1C). Most likely, the volume used for the
treatment (300 �l) was too small for efficient delivery to the
lower respiratory tract. It is of interest to note that IFN-� was
highly effective against a highly pathogenic H5N1 influenza
virus strain in mice (45). In this mouse model, IFN was applied
in a volume of 50 �l, which corresponds to an eightfold higher
weight-adjusted volume for ferrets than that used in our study.
Therefore, additional studies with ferrets, in which the IFN is
delivered more efficiently to the lower respiratory tract, are
needed.

In summary, our results indicate that IFN treatment by the
nasal route may protect high-risk groups against seasonal in-
fluenza, and a systematic efficacy assessment of this approach
is certainly warranted. In the scenario of pandemic influenza,
IFN might also be advantageous as the treatment reduces virus
transmission by lowering the amount of virus produced in the
upper respiratory tract of diseased individuals. However, this
beneficial effect will need to be evaluated against a possible
negative impact of IFN treatment on the course of disease.
Similar conclusions were drawn from experiments in which the
guinea pig model was used to assess the efficacy of IFN-� in
preventing influenza A virus infections (48).
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